Study design: Retrospective review study. Objectives: To identify whether it is safe to perform a magnetic resonance imaging (MRI) exam on patients who have a sacral anterior root stimulator (SARS). Setting: Adult patients with spinal cord injury and implanted SARS attending the National Spinal Injuries Centre who have had MRI scans. Methods: Retrospective review between 1989 and 2010. The effect of the MRI scans on the function of the SARS (Finetech-Brindley, UK) was assessed up to 6 months following MRI at 0.2 and 1.5 T. Results: A total of 18 patients with SARS implants had MRI scans at 0.2 and 1.5 T of the cervical, thoracic and lumbar spine, head, shoulder and pelvis. MRI examinations were abandoned on two occasions in one patient due to radiofrequency interference. One patient's stimulator ceased to function 5 months following MRI; both of these patients showing complications had their MRI examinations at 0.2 T. There were no adverse effects at 1.5 T. In one patient the SARS was removed within 6 months after MRI due to an unrelated medical condition. A total of 17 patients showed no symptoms that required terminating the examination. In all the 11 patients with a complete and functioning implant before MRI at 1.5 T, the SARS was functioning appropriately, and no change in bladder function was reported up to 6 months following MRI. Conclusion: It is safe to perform an MRI scan on patients with SARS providing the examination is conducted in a 1.5 T system.
INTRODUCTION
In the UK alone an estimated 1000 people suffer from spinal cord injuries (SCI) each year. Many of those patients experience bladder dysfunction, which is a major contributor to the morbidity of SCI. In the past, renal pathology has been a major cause of death in this population group. Today, mortality has declined, partly because of the considerable progress made in bladder management. One of the methods of managing voiding dysfunction as a result of SCI is through the use of the Finetech-Brindley sacral anterior root stimulator (SARS), an implantable device that effects bladder voiding by delivering low levels of electrical stimulation to intact spinal nerve roots to elicit functional contraction of the innervated detrusor and sphincter muscles. The SARS device consists of an external controller and a transmitter block and implantable parts such as electrodes, cables and an implantable receiver-stimulator. [1] [2] [3] In addition to urological problems, SCI patients are prone to developing other complications including pressure sores, 4 heterotopic ossification 5 and neurological ascending deterioration including subacute progressive ascending myelopathy, 6 for which they require complex diagnostic imaging and in particular magnetic resonance imaging (MRI). MRI uses powerful magnetic fields and radiofrequency pulsed waves to generate images. Currently, MRI scanning of patients with implantable devices including SARS is contraindicated in many radiology departments, although the evidence in the published literature is scant and inconclusive to support such restrictions.
There is concern that induction of current in the SARS implant during MRI examination may lead to surrounding tissue damage due to the generation of excessive heat, and displacement of the nerve stimulator from the overlying tissue leading to painful stimulation. MRI examination may also lead to an alteration in the programmed parameters, intrinsic implant failure and damage to its associated components.
Despite concerns, several hundred patients with different implantable devices have safely undergone a range of MRI exams for diagnostic purposes. [7] [8] [9] [10] Advancement in the design of implantable devices and MRI systems have contributed to a reduction in complication rates as well as increased satisfaction rates in patients with SARS implants.
Because of the current restrictive policy there is a lack of direct clinical evidence regarding the effect of MRI on bladder neurostimulators, particularly on SARS devices. In a recent study to examine implanted sacral nerve stimulators, Elkelini and Hassouna 10 assessedsix patients with bladder neurostimulator who underwent a total of eight MRI examinations at 1.5 T of the brain, cervical and thoracic spine. No patients reported any unusual symptoms during the examination and imaging was not affected by the procedure. Additionally, no malfunctions or changes in voiding parameters were found.
The aim of this study is to determine the long-term effect of diagnostic MRI on SCI patients with implanted SARS. We describe our experience from the past 20 years using 0.2 and 1.5 T MRI scanners and we address the safety of performing MRI in this population group.
MATERIALS AND METHODS
A total of 18 patients with spinal cord lesions with an implanted FinetechBrindley sacral nerve stimulator (SARS) were subjected to 44 MRI scans. The mean number of MRI was 2.5 scans per patient, operating at static field strengths of 0.2 and 1.5 T, between 1989 and 2010. In all, 23 MRI examinations were performed at 0.2 and 21 at 1.5 T. The majority of the MRI examinations were performed on the cervical and thoracic spine (70%) but also on the brain, knee, pelvis, shoulder and lumbar spine. The mean period between implantation of SARS devices and patients' first MRI examination was 8.9 years.
All patients had clinical indications for MRI examination requested by the spinal consultants for diagnostic purposes. The risks of MRI examination were discussed with the patients and informed consent obtained. Patients were retrospectively reviewed during and after MRI examination. Clinical notes were examined for any reported adverse events during MRI exams. Additionally, the function of the implantable devices, changes in the stimulation parameters and voiding variations were also reviewed for a minimum period of 6 months following the MRI procedure.
RESULTS
In all, 18 patients were reviewed, 12 were male and 6 female. The average age at the first MRI was 46 years (range 24-69 years). The average time post injury at first MRI was 14 years (range 2-29 years) and the average time between injury and SARS implantation was 7 years (range 1-18 years). Of the 18 patients, 9 had a single procedure following SARS implantation. The other 9 patients underwent on average 4 scans with a combined total of 35 MRI examinations. Out of the 35 MRI procedures, 6 were conducted in 3 patients that had an incomplete SARS device with residual parts left in situ. These 3 patients were previously scanned successfully without any reported incidents 2-5 years before the SARS stopped being used. Reasons for discontinuation of the device were due to causes unrelated to MRI scanning, involving surgery and removal of the receiver block or cables. One of the patients stopped using the SARS within 6 months after MRI examination as a result of an ilial conduit surgery due to transitional cell carcinoma of the bladder. A year later, the same patient underwent an MRI of the pelvis with the non-working SARS implant (Table 1) . No abnormal symptoms were reported during or after imaging.
Two MRI examinations conducted on a same patient at 0.2 T in different years had to be stopped due to interference with the SARS device giving rise to toe movements. A subsequent MRI at 1.5 T was successfully performed without any complications during imaging and without later changes in bladder function (Table 1) .
One patient reported complications with the SARS' hardware 5 months following MRI at 0.2 T. During the review of the device it was noted with the help of X-ray that the receiver block was folded. One of the connectors was lying over instead of beside the receiver. The non-working SARS was adjusted after a week. The same patient had a previous MRI performed without incidents and four additional MRI examinations at 0.2 T without any adverse effects after resolution of the SARS' technical issues (Table 1) .
In all, 13 patients had an MRI at 1.5 T but in 2 of these cases the SARS implant was incomplete without a receiver block. None of the 11 patients with a functional and complete SARS implant having 18 MRI examinations operating at 1.5 T from 2000 to 2010 reported any symptoms or discomfort that required stopping the undergoing scan. None of these patients reported any adverse effects, changes in the programmed parameters in any SARS device tested or changes in bladder function up to a minimum of 6 months following MRI investigation.
DISCUSSION
MRI has become an essential diagnostic imaging test for patients with SCI due to its high spatial and contrast resolution. Hundreds of SCI patients with bladder dysfunction have implantable SARS devices to manage this complication. This patient population typically requires MRI examinations for various clinical indications.
Despite the guidance of expert medical physicists 11, 12 and the general view of MRI as a safe, non-invasive and important diagnostic tool current policy in most radiology departments stipulates that MRI is contraindicated for patients with implantable devices including bladder neurostimulators.
There are several aspects that raise concern regarding the effect of MRI on patients with implantable SARS devices. The potential risk to the effective functioning and safety of bladder neurostimulators is based on the forces from the static magnetic eld, radiofrequency field, as well as electrical magnetic fields generated by the MRI scanner. The static magnetic field, which is constantly present, even when the MRI scanner is not imaging, can attract ferromagnetic components such as iron, cobalt and nickel from implantable devices.
This attraction force may cause displacement of the implantable device inside the body by twisting it into alignment with the magnetic field. 13 Previous studies have shown that for magnetic fields up to 1.5 T, the magnetic force and torque on implantable devices will be less than the force and torque due to gravity of the earth (9.81 N kg À1 ). [14] [15] [16] Presently, no complaints of pain or a sensation of pulling during an MRI procedure conducted on implantable devices like pacemakers or SARS have been reported. 10, 17, 18 The static magnetic field may affect the receiver block but not the extension cable or the electrode contacts of the SARS, which consist of platinum and iridium. Previous research demonstrated that electrode contacts made of iridium and platinum are not ferromagnetic and are thus safe for MRI examination. 19 In this study none of the patients reported any pain or torque effect and only one patient had complications with the hardware following an MRI at 0.2 T. No change in bladder function was documented immediately after the MRI procedure and the SARS device ceased functioning 5 months following imaging. It was reported that one of the connectors was lying over the internal receiver: normally the connector should be lying next to the receiver. The SARS device was subsequently repaired and the patient underwent successfully four additional MRI scans at 0.2 T within 3 years. Therefore it is unlikely that the malfunction detected initially in the bladder neurostimulator could have been a detrimental effect caused by the MRI procedure.
Previously it has been mentioned that no significant interaction between the magnetic field and the implantable device occurs when the device does not enter the magnet bore, decreasing the safety concern. 15 In this study no adverse events were documented after MRI of three patients having incomplete SARS devices with residual cables and electrodes left in situ. Furthermore, one of these patients underwent an MRI examination of the pelvis, which was conducted above the remaining components.
The radiofrequency field that is used for the acquisition of MR images may lead to the induction of current in the extension cables and electrodes of implantable devices. There is a risk that some of this energy may pass through the electrode contact points into surrounding tissue. Because of the limited conductivity of the tissue, the energy can be converted into heat at the tip of the electrodes. The MRI specific absorption rate calculated in Watts kg À1 , measures the amount of radiofrequency energy absorbed by the body and it is used to predict temperature changes in implantable devices. For MRI scans it is recommended by the manufacturer that the specific absorption rate should not exceed 1.1 Watts kg À1 for a scan of 30 min.
Beside the additional factors can influence the amount of heating generated during MR imaging including the location and condition of the cables and the neurostimulator. The manufacturer advises that the function of each electrode should be tested before MRI scanning. Imaging a patient with a broken implanted lead may result in excessive heating around the break in the lead.
In this study, no complications involving heating were reported. Conversely, 2 MRI examinations conducted at 0.2 T were stopped due to radiofrequency interference. According to the manufacturer this is not surprising because the radio frequency of a 0.2 T scanner is 8.4 MHz, close to the frequency to which the Finetech-Brindley receivers are most sensitive.
The same patient was subsequently MRI scanned successfully in a 1.5 T scanner with no complications.
There was no radiofrequency interference or adverse effects reported in any MRI conducted in a 1.5 T scanner. These results agreed with a previous study where no effects were observed in patients with SARS after MRI examination at 1.5 T. 10 The main limitation of this study resides in its retrospective design. Limitations inherent to retrospective reviews include a dependency on previously recorded data that maybe limited. For instance, because all the MRI examinations were performed due to a clinical need, several Long-term effect of MRI on SARS L Lopez de Heredia et al technical aspects were not recorded. Additionally, due to the current contraindicative policies for MRI in patients with implantable devices, our analysis was conducted on a limited number of patients.
CONCLUSION
On the basis of over 20 years of experience at the National Spinal Injuries Centre, we conclude that MRI examination conducted at 1.5 T is safe to perform in patients with implantable Finetech-Brindley SARS devices when it is indispensable for diagnosis and for planning treatment. However, without further studies proving otherwise a contra-indication for MRIs in patients with any active medical implant remains the presence of a failed device or broken lead wires.
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